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The ALICE Transition Radiation Detector (TRD) significantly enlarges the scope of physics observables studied in 
ALICE, because it allows due to its electron identification capability to measure open heavy- flavour production and 
quarkonium states, which are essential probes to characterize the Quark-Gluon-Plasma created in nucleus-nucleus colli- 
sions at LHC. In addition the TRD enables to enhance rare probes due to its trigger contributions. 
We report on the first results of the electron identification capability of the ALICE Transition Radiation Detector (TRD) 
in pp collisions at ^Js = 7 TeV using a one-dimensional likelihood method on integrated charge measured in each TRD 
chamber. The analysis of heavy flavour production in pp collisions at yfs = 7 TeV with this particle identification 
method, which extends the pt range of the existing measurement from p t = 4 GeV/c to 10 GeV/c and reduces the sys- 
tematic uncertainty due to particle identification, is presented. The performance of the application of the TRD electron 
identification in the context of J/tp measurements in Pb-Pb collisions is also shown. 
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1. Introduction 

A Large Ion Collider Experiment (ALICE) [l[ is the dedi- 
cated detector setup to study all aspects of heavy ion 
collisions at the LHC at CERN. It is assumed that in 
nucleus-nucleus collisions at high energies a high density 
de-confined state of strongly interacting matter, known as 
Quark-Gluon-Plasma (QGP), is created. ALICE is de- 
signed to measure a large set of observables in order to 
study the properties of this QGP. The Transition Ra- 
diation Detector (TRD) 0| provides electron identifica- 
tion in the ALICE central barrel (|?y| < 0.9) at momenta 
p > 1 GeV/c, where pions cannot be rejected anymore suf- 
ficiently via energy loss measurements in the Time Projec- 
tion Chamber (TPC). In addition the TRD can be used 
to trigger on identified particles with high transverse mo- 
menta, thus providing enriched samples of single electrons 
or electron-positron pairs, and to select jets. Therefore 
the TRD significantly enlarges the scope of physics ob- 
servables. 

The following probes are regarded as essential probes of 
the conditions of the Quark-Gluon-Plasma and can be ac- 
cessed with the help of the TRD: 

• Open heavy-flavour production 

Open charm and beauty can be detected with the 
ALICE central barrel in the semi-electronic decay 
channel: D, B — >• e ± + X . Because of their high 
mass charm and beauty quarks are mainly produced 
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on a very short time scale (r ~ l/(2m q ) < 0.1 fm/c) 
in hard scattering processes during the initial stage 
of the collision. Thus heavy quarks witness the en- 
tire evolution of the dense matter and are sensitive 
to the properties (gluon densities, temperature, vol- 
ume) of the de-confined medium through in-medium 
energy loss. Open charm and beauty production 
cross sections are also needed as reference for quarko- 
nia studies, because at LHC energies heavy quarks 
are mainly produced through gluon-gluon fusion pro- 
cesses (gg — > QQ). In addition the B meson produc- 
tion measurement allows to estimate the contribution 
of secondary J/ip (B — > J/ip + X) to the total 3/tp 
yield. 

• Quarkonium states (cc and bb) 

J/ifj,ip' and T can be measured with the ALICE cen- 
tral barrel in the di-electron channel. According to 
one prediction the cc and bb states should be sensi- 
tive to the temperature of the QGP, because of their 
dissociation due to colour-screening 0] . Charmonium 
regeneration models [3, Q on the other hand predict 
that cc bound states can be abundantly produced by 
recombination of c and c quarks during hadroniza- 
tion. This recombination mechanism would lead to a 
quarkonium enhancement at high energies. 

• Jets and 7-jet production 

These probes allow to study parton energy loss and 
medium-modified fragmentation functions to unravel 
the detailed spatial and temporal structure of the 
QGP. The TRD provides the necessary trigger to en- 
hance the statistics of these data samples. 
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Figure 2: Average pulse height as a function of 
Figure 1: Schematic cross-section of a TRD cham- drift time for pions and electrons with and with- 

ber including radiator. out radiator (testbeam measurements) [f|. 



• Virtual photons e + e~ and Drell-Yan production 
These processes are very challenging to detect. How- 
ever they allow to investigate thermal radiation in the 
mass window between 3 /ip and T. Thermal radiation 
not only serves as a proof of de-confinement, but also 
provides a direct measurement of the temperature of 
the QGP. 

For reference the corresponding studies have to be per- 
formed in proton-proton collisions. In addition, e.g. the 
measurements of heavy-flavour production in pp collisions 
allow to test perturbative Quantum Chromo dynamics in 
a new energy domain. In the case of hadroproduction of 
quarkonium states non-perturbative aspects are also in- 
volved. The ALICE physics program further covers studies 
of p-Pb collisions in order to disentangle initial and final 
state effects. 

2. The Transition Radiation Detector 

To achieve the physics goals listed above the ALICE TRD 
was designed to reject pions by a factor 100, to work in 
the high multiplicity environment of heavy ion collisions 
as well as to provide in the bending plane a space point 
resolution better than 400 /im and an angular resolution 
better than 1°. 

The TRD consists of 522 chambers arranged in 6 lay- 
ers surrounding the TPC at a radial distance r (2.9 < 
r < 3.7 m) from the beam axis, with a maximum length 
of 7 m along the beam axis (corresponding to a pseudo- 
rapidity coverage of \r]\ < 0.9). It has an active area 
of roughly 675 m 2 and the total radiation length for the 
six layers is about 25% of X . Figure Q] shows the cross- 
section of a TRD chamber, which has an average siztQ of 
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135 cm x 103 cm and is about 12 cm thick, including ra- 
diator, electronics and cooling. The gas volume, filled with 
a Xe CO2 mixture (85:15), is subdivided by a cathode wire 
grid into a 3 cm drift region and 0.7 cm amplification re- 
gion equipped with anode wires. The signal induced on 
the segmented cathode plane is typically spread over 2-3 
pads. Each pad has an average size 1 of 0.7 cm x 8.7 cm. 
The front-end-electronics is directly mounted on the back 
of the TRD chamber. The pad signals are read out and 
processed in a custom built charge sensitive preamplifier- 
shaper circuit and digitized by a 10 MHz ADC to record 
the time evolution of the signal. The drift time of about 
2 /is is sampled in 20 time bins. 

Figure [5] shows the average pulse height as a function of 
drift time for pions and electrons with a momentum of 
2 GeV/c passing through the TRD chamber. The peak at 
early drift times is due to the charge deposit in the ampli- 
fication region, where the charge drifts from both sides to 
the anode wire. The plateau at intermediate drift times 
originates from the drift region. Comparing pions with 
electrons one sees that the latter deposit on average more 
charge, because of the higher specific energy loss at this 
momentum. 

A 4.8 cm thick radiator, a sandwich of polypropylene fibers 
and Rohacell foam, which provides many boundaries be- 
tween media with different dielectric constants, is placed 
in front of each drift region. 

Transition Radiation (TR) is emitted if a relativistic par- 
ticle (7 > 1000) traverses the radiator [7j. At LHC en- 
ergies TR is only generated by electrons. The produced 
TR photons (1-30 keV) are absorbed in the drift volume 
preferentially close to the radiator by the high Z-gas mix- 
ture (Xe-based), which corresponds to long drift times to 
the anode wire. This contribution is visible in Fig. [2] as 
the characteristic peak at large drift times and enables an 
even better separation of electrons and pions. 
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3. Electron Identification 

The track-by-track electron identification is at the moment 
based on the simplest method of TRD particle identifica- 
tion - one-dimensional likelihood on the total integrated 
charge measured in a single TRD chamber (tracklet). 
Figure [3] shows the charge deposit per TRD chamber for 
pions and electrons at a momentum of 2 GeV/c from pp 
collisions at y/s — 7 TeV compared with the testbeam 
measurements taken in 2004 Q. The distributions from 
pp collisions are in good agreement with the testbeam 
measurements. The average charge deposit is larger for 
electrons than for pions due to the higher specific energy 
loss and Transition Radiation. 



The likelihood distribution of all selected tracks after ap- 
plication of an electron hypothesis cut in TOF, i.e. the 
difference between expected and measured time of flight 
has to be less than 3a, is shown in Fig. 2] for pp collisions 
at y/s = 7 TeV. To ensure that a defined constant electron 
efficiency is fulfilled for particle identification a momen- 
tum dependent cut on the likelihood is applied. This cut 
is tuned using electron candidates from conversion, which 
were selected using topological cuts. The threshold, which 
depends on the momentum as well as selected electron ef- 
ficiency and number of tracklets, was then parameterized 
for usage in the analysis. 
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Figure 3: Charge deposit per tracklet for electrons and pions in 
pp collisions compared with testbeam measurements. Topological 
cuts were applied in pp collisions to select electrons from gamma- 
conversions and pions from Kg decays. 
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Figure 4: Electron likelihood distribution after TOF particle identi- 
fication for tracks with p = 2 GeV / c and reconstructed from at least 
5 tracklets in pp collisions at y/s = 7 TeV. Since pions are much 
more abundant than electrons, the electron signal around 1 is on top 
of the tail of the pion distribution § . 



During the testbeam time 2004 charge deposit distribu- 
tions were measured for electrons and pions for the mo- 
menta 1, 1.5, 2, 3 to 10 GeV/c. These distributions are 
now used as reference (lookup table) for particle identifi- 
cation. Reference distributions for muons, kaons and pro- 
tons were obtained via parameterizations from GEANT3 
taking into account that because of their higher mass the 
deposited energy inside the detector is only due to ion- 
ization. The measured signal is then normalized to the 
testbeam references by comparing the charge deposit dis- 
tribution for pions with p = 1 GeV/c in testbeam with 
the one derived from pions originating from K^-decays (in 
pp collisions). The probability for a single tracklet (TRD 
chamber) of being an electron, respectively a pion, muon, 
kaon or proton is then determined via interpolation be- 
tween adjacent momentum references. The probability for 
the full track, reconstructed from at least 4 TRD cham- 
bers (layers), is then calculated via Bayes' theorem. In 
case the Time-of-Flight system (TOF) is used beforehand 
for particle identification, the probabilites of being only an 
electron or pion are renormalized, because the TOF effec- 
tively rejects kaons and protons at low momenta. 



Figure [5] visualizes the effect of the TRD with this simplest 
method of particle identification. Shown is the difference 
in units of standard deviations between the measured TPC 
energy loss of a given track and the calculated energy loss 
of an electron for tracks, reconstructed with 6 tracklets 
and momenta of 2 GeV/c, before and after applying the 
TRD electron identification. While 90% of electrons are 
kept, pions are surpressed by a factor 23. 
Table [T] summarizes the pion rejection factors for an elec- 
tron efficiency of 80% and 90% for different numbers of lay- 
ers. With decreasing electron efficiency and/or increasing 
number of tracklets the pion rejection factor increases as 
expected. 

Cross-checks with electrons from conversion show that the 
electron identification with this method is well under con- 
trol. The electron likelihood is around 1 for this data 
sample and the selected electron efficiency is constant as a 
function of momentum. In addition, the tracking efficiency 
is in agreement with the one obtained from Monte Carlo 
(MC) simulations, which is important in view of correcting 
the experimental data. 

More powerful particle identification methods with the 
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Figure 5: TPC dE/dx signal (in units of standard deviations) relative 
to the electron Bethe-Bloch line for 2 GeV/c tracks and 6 TRD layers, 
with and without TRD @|. 

TRD, e.g. two-dimensional likelihood and neural net- 
works, are under development. These methods make use 
of the uniqueness of the ALICE TRD, i.e. the recorded 
time evolution of the signal, where at large drift times the 
TR peak is measured. Studies show that for the two men- 
tioned methods a pion rejection of better than 100 is ex- 
pected for an electron efficiency of 90% in the momentum 
range 1-2 GeV/c (with 6 layers) @,i,[l^. 



Electron Efficiency 4 layers 5 layers 6 layers 
90% 9 15 23 

80% 7 19 44 



Table 1: Pion rejection factor for an electron efficiency of 80% and 
90% for different numbers of layers. 



4. Physics Results 

4-1. Semi-leptonic Decays of Heavy-Flavour Hadrons 
The one-dimensional likelihood method to select electrons, 
described in Section [21 was applied for the first time in 
the semi-leptonic heavy-flavour analysis. 
The findings presented in this contribution are obtained 
from the 2010 pp run at y/s = 7 TcV. A total of about 
180 • 10 6 minimum bias events (£ i n t = 2.6 nb" 1 ) were 
analyzed. 

In the pseudo-rapidity range \r]\ < 0.9 the ALICE detector 
system allows excellent track reconstruction and particle 
identification for electrons, especially because of the TRD. 
In the present analysis the Inner Tracking System (ITS) 
and the TPC were used for vertex and track reconstruc- 
tion. After selecting good-quality tracks in the TPC, 
we required a hit in the innermost layer of the ITS 
(r = 3.9 cm) to reduce the background from photon con- 
versions. The measured time of Sight had to be consistent 



with the electron hypothesis within 3 a to reject kaons 
up to p = 1.5 GeV/c and protons up to p = 3 GeV/c. 
Next the one-dimensional TRD particle identification 
method was applied with an electron efficiency of 80% 
for tracks reconstructed in at least 5 layers. Furthermore, 
a cut on the specific energy deposit dE/dx in the TPC, 
expressed in number of sigmas from the electron line, was 
applied. This cut was set to to 3 er c . The remaining 
hadron contamination was estimated from fits of the TPC 
dE/dx in momentum slices, and the yield was subtracted 
from the electron spectrum. Over the momentum range 
0.5-10 GeV/c the hadron contamination does not exceed 
5%. 

The efficiency and acceptance corrections were derived 
from MC simulations using PYTHIA, combined with 
detector simulation and event reconstruction. Wherever 
possible the efficiency corrections were cross-checked 
with a data-driven method in which the signal from 
7 — > e + e~ conversions in material was evaluated. The 
track reconstruction efficiency and the acceptancc[l of 
tracks reconstructed in at least 5 layers in the region 
|t?| < 0.8 reach about 20% at p t ~ 1.5 GeV/c. The 
resulting transverse momentum spectrum for inclusive 
electrons is shown in Fig. [5] 

To estimate the systematic uncertainty due to TRD track 
matching and particle identification the respective selec- 
tion criteria were varied, i.e. the electron efficiency to 70% 
for tracks with at least 4 layers and to 90% for tracks with 
at least 6 layers (lower and upper maximum deviation). 
A momentum independent maximum uncertainty of 10% 
was found. The total systematic uncertainty calculated 
as quadratic sum of all error sources (inch ITS, TPC etc) 
within the analysis is 20%. 

The inclusive electron yield consists primarily of three 
components: (i) electrons from heavy-flavour hadron de- 
cays, (ii) background electrons from Dalitz decays of light 
mesons (tt°, ij, etc) and photon conversions as well as real 
and virtual direct photons and (iii) non-photonic back- 
ground from di-electron decays of vector mesons and K e 3 
decays. The 2 nd component is the largest background 
contribution. To extract the electrons from heavy-flavour 
hadron decays the background sources are subtracted with 
the so-called "cocktail method". Using a MC event gen- 
erator of hadron decays a cocktail of electron spectra 
of background sources is calculated based on the cross 
section and the momentum distributions of the electron 
sources. Figure H2 shows the inclusive electron spectrum 
compared with the corresponding cocktail of electrons 
from background sources. Electrons from 7r°-Dalitz de- 
cays (ir° — > 7 e + e~) and from photon conversions from the 
decay n° — > 77 in the detector material contribute domi- 
nantly to the background. Thus an excellent parametriza- 
tion of the pion spectrum, both in absolute yield as well 
as in pt shape, is mandatory. The pion input is based on 
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Figure 6: Inclusive electron spectrum compared with the cocktail of 
electrons from background sources. 



7T° measurements with ALICE. The ratio of conversion to 
Dalitz decay is obtained from the known material budget. 
The heavier mesons are implemented via mx scaling. The 
di-electron decays of J/-0 and T are included based on 



measurements with ALICE and CMS [ill The QCD 
photons (direct 7,7*) are based on NLO calculations [13|. 
The systematic uncertainty of the cocktail is estimated to 
be 20%. With increasing momentum the signal to back- 
ground ratio increases. 

The pt differential production cross section of electrons 
from heavy-flavour hadron decays, shown in Fig. [71 is then 
extracted by subtracting the above described cocktail of 
background electrons from the inclusive electron spectrum. 
The distribution is plotted in comparison with FONLL cal- 
culations [14] and electrons from charm decays derived by 
applying the PYTHIA decay kinematics to the D meson 
cross sections [15| . At low p t , where the charm contribu- 
tion dominates, both measurements are consistent. The 
FONLL calculations are in agreement with the data. 
The advantage of the usage of the TRD in this analysis in 
comparison with an analysis only based on TOF and TPC 
results in a reduction of systematic uncertainty in particle 
identification from 20% to 10% and an extended p t range 
from 4 GeV/c to 10 GeV/c. With the TRD, electrons can 
be further separated from pions at low momenta and above 
p = 4 GeV/c electrons can only be clearly identified with 
the TRD. The present p t reach is now only limited due to 
the currently analyzed statistics. 

4.2. J/ip Meson 

The performance of the J ftp measurement with the TRD 
was studied in the first Pb-Pb run at Tsnn = 2.76 TeV 
taken in 2010. The results in this contribution show the 



Figure 7: Heavy-flavour decay electrons in \rj\ < 0.8 compared with 
FONLL calculations and electrons from charm decays derived by ap- 
plying the PYTHIA decay kinematics to the D meson cross sections. 



present status of the ongoing analysis. 
The Silicon Pixel Detector (SPD) at mid-rapidity and the 
forward VZERO scintillator counters provide a minimum 
bias trigger (corresponding to 97% of the inelastic Pb-Pb 
cross section) and are also used to derive the centrality 
of the collisions [l6j . Events with a centrality of 0-40% 
were selected. The inclusive J/ip measurement was based 
on the invariant mass of two identified electrons within 
the pseudo-rapidity range |7y| < 0.9. The background was 
calculated with mixed events technique. A scaling to the 
same event distribution was performed for the invariant 
mass region 3.2 - 4.0 GeV/c 2 . 

The invariant mass of electron pairs is shown in Fig. [51 
The electrons were selected if their specific energy de- 
posit dE/dx in the TPC expressed in number of standard 
deviations from the electron expectation ranged within 
—2 < <j c < 3. Furthermore ±3.5<r exclusion cuts for pions 
and protons were employed. After background subtrac- 
tion one finds 1208 ± 305 J/ip candidates extracted by bin 
counting in the invariant mass region 2.88-3.20 GeV/c 2 . 
The signal to background ratio is 0.0132 ± 0.0033 and the 
significance is 3.96 ± 0.11. 

Figure shows the improvement when in addition the 
TRD electron identification was applied with an electron 
efficiency of 90% for tracks reconstructed with at least 4 
tracklets. Due to the strong discrimination power of the 
TRD the combinatorial background is reduced in compar- 
ison with the background in the analysis based only on 
the TPC. This becomes obvious from the larger signal to 
background ratio of 0.0212 ± 0.0039 and the larger signi- 
ficance of 5.45 ± 0.14. There is no signal loss, because the 
TRD particle identification was used whenever available 
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and was not imposed as a strong requirement. 
These first studies already show that the inclusion of the 
TRD in the analysis largely improves the identification of 
Further advancements in performance are ongoing. 
The Pb-Pb run in 2011 will increase the statistics espe- 
cially because of the larger geometrical acceptance. In 
2011 the TRD covers 10/18 of the azimuthal angle (7/18 
in 2010). 

To significantly enrich the sample of quarkonia, the TRD 
detector will be used to select events with electron-positron 
pairs at the trigger level. For an overview of the TRD trig- 
ger see [l7j . 
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Figure 8: e+e invariant-mass distribution with only TPC particle 
identification for the centrality 0-40%. 



5. Conclusion and Outlook 

The ALICE Transition Radiation detector significantly ex- 
tends the physics reach in ALICE enabling to study the 
conditions of the Quark-Gluon-Plasma with open heavy- 
flavour production, quarkonia, jets etc. The TRD pro- 
vides good electron identification and allows to enhance 
rare probes by trigger contributions [17] . First physics re- 
sults of electrons from heavy-flavour hadron decays were 
obtained using the one-dimensional likelihood on the to- 
tal integrated charge measured in each chamber allowing 
to reduce the systematic uncertainty and to increase the 
measurable pt range. More powerful particle identification 
methods with the TRD are under development. Includ- 
ing the TRD electron identification in the J/ip studies in 
Pb-Pb collisions results in a reduced combinatorial back- 
ground, better signal to background ratio as well as signi- 
ficance. The application of the TRD particle identification 
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Figure 9: e+e — invariant-mass distribution with TPC and TRD par- 
ticle identification for the centrality 0-40%. 



algorithm in further experimental data analyses is ongo- 
ing. 
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